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ABSTRACT:
The intracellular Ca 2+ concentration is an important regulator of many cellular functions.
The small acidic protein Calmodulin (CaM) serves as a Ca 2+ sensor and control element for many enzymes. Nitric oxide synthase (NOS) is one of the proteins that is activated by CaM and plays a major role in a number of key physiological and pathological processes. Previous studies have shown CaM to act like as a switch that causes a conformational change in NOS to allow for the electron transfer between the reductase and oxygenase domains through a process that is thought to be highly dynamic.
We have analyzed the structure and dynamics of complexes formed by peptides based on inducible NOS (iNOS) and endothelial NOS (eNOS) with CaM at Ca 2+ concentrations that mimic the physiological basal (17 and 100 nM) and elevated levels (225 nM) found in mammalian cells using fluorescence techniques and NMR spectroscopy. The results show the CaM-NOS complexes have similar structures at physiological and fully saturated Ca 2+ levels, however, their dynamics are remarkably different. At 225 nM Ca 2+ concentrations the CaM-NOS complexes show overall an increase in backbone dynamics, when compared to the dynamics of the complexes under saturating Ca 2+ concentrations. Specifically, the N-lobe of CaM in the CaM-iNOS complex displays lower internal mobility (higher S 2 ) and higher exchange protection compared to that of the CaM-eNOS complex. In contrast, the C-lobe of CaM in the CaM-eNOS complex is less dynamic. These results illustrate that structures of CaM-NOS complexes determined at saturated Ca 2+ concentrations cannot provide a complete picture because the differences in intramolecular dynamics only become visible at physiological Ca 2+ levels.
Understanding the structural basis of CaM's target protein interactions and diverse regulatory functions is crucial for rationalizing the regulation pathways and for developing strategies for controlling them for medical purposes. It is well established that CaM is able to interact with its target enzymes in many different conformations. CaM's interactions with the various NOS isozymes have previously been studied by NMR. [9] [10] [11] [12] [13] In addition to 3D structures, NMR spectroscopy can also provide quantitative information on molecular dynamics of protein systems at a residue specific level. These studies provide direct evidence of structural changes and intramolecular dynamics associated with functions that are central to understanding the role of dynamics in protein function. [14] [15] [16] [17] [18] By tracking chemical shift changes, NMR spectroscopy is able to characterize very weak interactions between proteins and ligands at atomic (or residue) levels. 19, 20 Detailed information about fluctuations in protein structures and site-specific information on the stability of secondary structural elements can also be obtained from the measurement of amide proton (NH) hydrogen/deuterium exchange (H/D) rates using NMR spectroscopy. [21] [22] [23] These fluctuations expose some of the NH to the D2O solvent, thus facilitating the NH/ND exchange process while other amide protons remain protected from exchange. The exchange rate of NHs in proteins is determined by a combination of their intrinsic exchange rate in the absence of secondary structure and the presence of secondary structure and solvent inaccessibility that protect from exchange. 24, 25 NH H/D exchange experiments are also useful for accessing the stability of specific structure elements within a protein or protein complex. 26, 27 Most structural and dynamics studies on CaM-NOS interactions have been performed at non- 
EXPERIMENTAL PROCEDURES
CaM Protein Expression and Purification. Wild-type CaM protein was expressed and purified using phenyl sepharose chromatography, as previously described. 30 Isolation of the CaM protein (148 residues) was confirmed by ESI-MS and purity was judged to be > 95% by SDS-PAGE. The human iNOS (RREIPLKVLVKAVLFACMLMRK, 22 residues corresponding to residues 510-531 from the full length iNOS protein) and eNOS (TRKKTFKEVANAVKISASLMGT, 22 residues corresponding to residues 491-512 from the full length eNOS protein) peptides were synthesized and purchased from Sigma.
Dansylation of CaM.
Dansyl-CaM was prepared as previously described. 31 CaM (1 mg/ml) was buffer exchanged into 10 mM NaHCO3, 1 mM EDTA, pH 10.0, at 4°C. 30 μl of 6 mM dansyl-chloride (1.5 mol/mol of CaM) in DMSO was added to 2 ml of CaM, with stirring. After incubation for 12 hr at 4°C, the mixture was first exhaustively dialyzed against 500 volumes of 150 mM NaCl, 1 mM EDTA, 20 mM Tris-HCl, pH 7.5, at 4°C, and then exhaustively dialyzed against 500 volumes of water. Labeling yields were determined from absorbance spectra using the ε320 of 3,400 37 The calculation used the structural constraints for the C-terminal residues from the solution structure of CaM with eNOS at saturated Ca 2+ along with the inter-residue constraints of the C-terminal residues to the eNOS peptide.
All N-terminal intra and inter-residue constraints were deleted and replaced with constraints for the Nterminal residues from the apoCaM structure deposited in the PDB (1CFC). The structure calculation The few residues that have undergone exchange are found to be at the N and C termini, in the loop regions between the two EF hands in each lobe of CaM and in the linker region. These are residues that are exposed to the solvent and are not well protected by secondary structure elements, such as Hbonding in α-helices, or by binding to the eNOS peptide. Figure 6a shows the H/D exchange data projected onto the previously determined structure of the Ca 2+ replete CaM-eNOS complex. 10, 45 Residues that have undergone fast exchange were colored red, while residues that exhibit intermediate nM Ca 2+ concentration compared to the structure at saturating Ca 2+ concentrations. It does not represent a 3D solution structure of the complex under these conditions.
As was described above, the 1 H-15 N HSQC data suggest that only the C-lobe of CaM is found to be Ca 2+ -replete and bound to the eNOS peptide, while the N-lobe would be Ca 2+ free and not bound to the peptide. Since the N-lobe is not bound to the peptide it would be more exposed to the solvent, which could explain why almost all of the N-lobe residues undergo fast exchange. There are a few residues of the N-lobe that exhibit intermediate exchange, such as K30, M36, M51, M72 and M76. These residues are all part of α-helices and are found to directly interact with L509, one of the anchoring residues of eNOS, in the crystal and solution structures of the complex (Table S1 of Supporting Information). 10, 45, 46 This suggests that even though this lobe is Ca 2+ free and not tightly bound to the peptide it is still maintaining its structural integrity and might also maintain some transient interactions with the peptide.
The amides of the C-lobe residues that show intermediate or slow exchange have been previously shown 14 to interact with the 1-5-8-14 anchoring residues of the eNOS peptide. 10, 45 The four slow exchanging amides correspond to residues L105, L112, E140 and F141 which interact with the anchoring residues F496, A500 and V503 of the eNOS peptide in the structure of the Ca 2+ -replete CaM-eNOS complex.
The amides that show intermediate exchange are found to either interact with these anchoring residues of the eNOS peptide or be a part of α-helices in this lobe. exchange data was projected onto the previously determined solution structure of the Ca 2+ -replete CaMiNOS complex 10,46 using the same color scheme as described earlier (Figure 6c ). However, in contrast to the CaM-eNOS complex at 225nM Ca 2+ concentration, the C-lobe amides of the CaM-iNOS complex at 225nM Ca 2+ concentration had faster exchange rates than the N-terminal residues (Figure 5d-f) . The amides that undergo slow and intermediate exchange correspond to residues that have been found to interact with the 1-5-8-14 anchor residues (L515, V519, V522, and L528) of the iNOS peptide ( Figure   5d -f, 6d and Table S1 of Supporting Information). The iNOS peptide contains hydrophobic residues (V522, L523, Met527, and L528) that interact with hydrophobic residues of the N-lobe of CaM (F16, F19, M36, L39, Met71, Met72, and Met76). 10, 46 The slower exchange of these N-lobe CaM residues shows they are protected from the D2O solvent, indicating this is a tight hydrophobic interaction with the iNOS peptide. In contrast to the iNOS peptide, the eNOS peptide contains hydrophilic residues at these locations (with the exception of V503 and L509) that are exposed to the solvent and do not protect the concentrations to provide a better understanding of the process. In addition, this approach identified the roles played by the N and C lobes of CaM in the binding and activation of the NOS enzymes. This is important since the binding of Ca 2+ to CaM is cooperative within each lobe of CaM but not between the lobes, meaning that Ca 2+ -binding to N-and C-domains is exclusive from one another. 41, 42 On its own, the C-lobe of CaM binds Ca 2+ with a higher affinity (Kd =10 -6 M) than the N-lobe (Kd = 10 -5 M). ] NMR data shows the CaM-eNOS complex displays a structure where the C-lobe is bound to the peptide, but the Nlobe is not. In a previous investigation, we used gel mobility shift assays to monitor the binding of the eNOS peptide to different truncated half CaM constructs under Ca 2+ replete conditions. 30 No binding was observed between eNOS and nCaM, and weak binding occurred between the peptide and cCaM.
Amide Exchange and Internal Protein Dynamics for CaM-iNOS Complexes at
These half CaMs also produced little or no activity of the eNOS enzyme. Our present results showing a closer association between the C-lobe of CaM and the eNOS peptide are consistent with our previous binding studies.
CaM-iNOS Complex Has Similar Conformations at Physiological and Saturating Ca 2+ Levels.
Most studies analyzing this Ca 2+ -independent nature of CaM and iNOS use apoCaM, however the cellular environment is not fully deplete of Ca 2+ , with the basal intracellular Ca 2+ concentration being on the order of 50-100 nM. 28, 29 In order to characterize the complex under these physiological conditions concentrations ranging from resting intracellular Ca 2+ levels to elevated Ca 2+ levels and compared to fully saturated Ca 2+ -CaM conditions. The current study suggests that CaM adopts the same structure as observed in Ca 2+ -replete CaM-iNOS when bound to the iNOS peptide at both resting and elevated intracellular Ca 2+ levels.
Activity of the iNOS enzyme decreased to less than 25% when co-expressed with a mutant CaM1234 used to emulate apoCaM. 47 In a study by Ruan et al 40 , iNOS was found to be maximally active at Ca 2+ concentrations as low as 0.1 nM in vitro and thus is probably maximally active in vivo at basal intracellular Ca 2+ levels. This suggests that at the lowest Ca 2+ level (17 nM) used in this study the CaMiNOS complex is Ca 2+ replete, otherwise a decrease in iNOS activity at Ca 2+ concentrations as low as 0.1 nM would have been seen.
CaM-eNOS and CaM-iNOS Complexes Show Different Dynamic Interactions at Low and
Saturating Ca 2+ Concentrations. The dynamic properties of these complexes were further investigated by performing amide H/D exchange time-course experiments and NMR 15 N relaxation experiments. NH exchange experiments provide detailed information on the degree of protection of specific residues within a protein or protein complex. This information is useful for determining the stability of secondary structural elements and also identifying residues involved in co-operative binding of a lgand. 26, 48 The NMR 15 N relaxation experiments can be interpreted by the model-free approach to characterize backbone mobility using an order parameter S 2 , which may be interpreted as the amplitude of the motion, and a correlation time, τi, which is the characteristic time constant of this motion. The H/D exchange and internal mobility results show that the residues of CaM interacting with eNOS'
1-5-8-14 anchoring residues have a strong interaction at low Ca 2+ concentrations, which keeps the complex bound, while the rest of the residues of the CaM protein are able to fluctuate or "breathe".
More specifically, the residues of the C-lobe have a lower degree of internal mobility (higher S 2 ) and higher exchange protection, indicating stronger interaction with the eNOS peptide to hold the complex together, while the N-lobe is more dynamic. At saturating Ca 2+ concentrations the entire CaM-eNOS complex has become more rigid, or structurally stable, than it is at physiological Ca 2+ levels.
In contrast, for the CaM-iNOS peptide complex at the 225 nM free Ca 2+ concentration, the C-lobe shows faster exchange rates than the N-lobe of CaM. This supports our earlier studies using peptides bound to mutant half-CaM proteins indicating that the N-lobe of CaM may not fully dissociated from the iNOS peptide even at very low Ca 2+ concentrations. 30 Notably when compared to Ca 2+ -replete CaM coexpression, iNOS showed significant 70% activity when co-expressed with only nCaM and only 12% activity when co-expressed with cCaM. These results show that the N-terminal domain of CaM contains important binding and activating elements for iNOS. 30, 49 The internal dynamics for the CaM-iNOS complex also agrees with our H/D exchange data. ], however, the interaction with the peptide is different with respect to the individual CaM lobes at low [Ca 2+ ]. This is clearly shown by the lower degree of internal mobility (higher S 2 and less residues with τi values) and higher exchange protection of the residues of the N-lobe of CaM in the CaM-iNOS complex compared to those of the CaM-eNOS complex, while the residues of the C-lobe of CaM in the CaM-eNOS complex display lower internal mobility (higher S 2 and less residues with τi values) and higher exchange protection. Our results provide further evidence of stronger interactions of the N-lobe of CaM with the iNOS peptide compared to the eNOS peptide, contributing to the stronger binding of CaM with iNOS, as seen in previous studies. 
